Al-Mg-MnO 2 composite J IC Mechanical properties Growth toughness Forged a b s t r a c t Particulate Al-8Mg-MnO 2 composite is synthesized using stir cast method by adding 3, 5 and 8 wt% of MnO 2 powder in Al-8Mg melt and subsequently hot forged at 400 • C. It shows intermetallic precipitates containing Al, Mg and Mn at dendrite boundaries and embedded alumina and MnO 2 particles in the matrix. A significant improvement in hardness is
Introduction
Metal matrix composites (MMCs) specially Aluminium alloy based composites are very attractive on account of their higher elastic modulus and strength to weight ratio, which makes them attractive for making light weight components in automobiles and aircrafts industry [1, 2] . In-situ Al alloy-Al 2 O 3 composites have been synthesized with variety of externally added metal oxides which get reduced by molten aluminum to generate alumina particles and releases useful alloying elements in the remaining molten aluminum. TiO 2 [3] , MnO 2 [4] , SiO 2 [5] , CuO [6, 7] , B 2 O 3 [8] , MoO 3 [9] , ZnO [10] , and Fe 2 O 3 [11] are used to produce in-situ composites. Hamid et al. [12] developed Al(Mg,Mn)-Al 2 O 3 (MnO 2 ) composites by dispersion of MnO 2 particles in Al-Mg melt and reaction released manganese in the melt, which results in nucleation of MnAl 6 and alumina in the matrix. The composite shows increased strength in comparison to that of base alloy without affecting much of its ductility. Effect of different molds on ductility were studied by Shabestari and Moemeni [13] the graphite mold produces higher ductility out of four different types of molds made of graphite, copper, cast iron, and sand. Caceres et al. [14] and Wang [15] observed that higher solidification rates lead to the largest elongation. On the other hand Mae et al. [16] found low solidification rate had higher yield strength and lower ductility. It means solidification rate has critical impact on mechanical properties of the composite. Zhang et al. [17] had prepared Al-Zr(CO 3 ) 2 composites by adding different amounts of Zr(CO 3 ) 2 (5, 10, 15, 20 , and 25 wt%) particles at 900 • C, which had generated in-situ particles of Al 2 O 3 and Al 3 Zr in the melt. They found that the tensile and yield strengths of the in-situ composites were much higher than those of pure aluminum and increases with increasing wt% of Zr(CO 3 ) 2 . Xing et al. [18] had studied Ni-Al based composite reinforced with 0-20 vol% of TiC particles and observed that yield strength of hot pressed composite was three times higher than that of the matrix at 980 • C. The fracture toughness was also 50% higher than that of the matrix. It suggests that hot pressing has impact on yield strength as well as on fracture toughness. Manoharan and Lewandowski [19] had studied crack initiation and growth toughness in Al-Zn-Mg-Cu alloy containing 0, 15, 20% by volume of SiC and observed that both the fracture initiation J IC and growth toughness were similar to that of the un-reinforced and over-aged un-reinforced conditions. The fracture initiation toughness, J IC , and crack growth toughness of the under-aged composite was about twice that of the over-aged composite reinforced with 5 m SiC as well as with 13 m SiC [20] . The under-aged composite exhibited a linear decrease in J IC as the volume fraction of SiC increases in the range 0-20% while the over-aged composite exhibited a more rapid decrease in J IC over the same range of volume fractions. However, J IC , shows only a minor dependence on the size of the reinforcement [19] . The crack growth toughness is usually assessed in terms of the slope of the J-R curve which is evaluated in terms of the non-dimensional tearing modulus, T R , [20] as
Where, E is the elastic modulus, f is the flow stress and dJ da is the slope of the J-R curve. The slope of the linear segment of the valid points on the J-R curve is divided by the square of flow stress to determine T/E ratio. Extrusion, rolling, forging etc are the processes which have been used to eliminate the casting defects like porosity, voids and others. Extruded aluminium-SiC composite improves the yield and tensile strength by 40% in comparison to that of as cast composite [21] . The extruded samples demonstrate better ductility because of reduction in reinforcement particle size, absence of particle de-cohesion, and the improvement of particle-matrix interfacial bond. Pillai et al. [22] have observed that at a given vol% of graphite, the forged composites show higher toughness than those of cast composites. Balasubramaniam et al. [23] noted that forging had opened up TiO 2 particles clusters in Al-Zn-Mg alloy based composite, which resulted into voids and deteriorated mechanical properties. Ghanaraja et al. [24] observed that higher addition of nano sized MnO 2 powder results in dete- The present study investigates the mechanical properties of cast Al-8Mg-MnO 2 composites synthesized by solidification of slurry of manganese oxide dispersed in molten aluminiummagnesium alloy, casted in water cooled copper mold for higher solidification rate. Al melt reduces the MnO 2 into Mn, and generates in-situ Al 2 O 3 . The sizes of the MnO 2 particles used here were in the range 1-20 m but average size was almost constant in all the samples therefore the effect was similar in all samples. Moreover the effect of different particle size was not the objective of present study though many workers have reported effect of particle size on the mechanical properties of the composites. Sachit et al. [25] reported that mechanical properties increase with decrease in particle size. Whereas Kumar et al. [26] have observed that mechanical properties are superior in composites reinforced with coarse fly ash particles (103-150 m) as compared to those of composites with fine particles (50-75 m). However, J IC , shows only a minor dependence on the size of the reinforcement [19] . Hamid et al. [12] reported that the MnO 2 particles in cast Al-Mg-MnO 2 composites had very good impact on mechanical properties. Therefore in this study an attempt is made to optimize content of MnO 2 at which best mechanical as well as fracture properties could be realized. In this study other parameters such as solidification rate, melt temperature, stirring duration, forging temperature and reduction are kept constant.
Experimental procedure
Commercial pure aluminum containing 99.60 pct Al, 0.202 pct Fe, 0.091 pct Si, and 0.102 pct Zn, as determined using an optical emission spectrometer (Thermo Jarrell Ash, Atom Comp 181), was used as matrix of the composite. Magnesium used for alloying purpose was 99.92 pct pure. The MnO 2 particles used for in-situ reaction with aluminum were of 5.02 gm/cm 3 density and 99.915% purity. It was supplied by Ranbaxy fine Chemicals Ltd, New Delhi, India. The sizes of the MnO 2 particles were in the range from 1 to 20 m as shown in Fig. 1 . Same powder mix was used in all the samples therefore it had same impact in all samples. The stirrer and MnO 2 particles were preheated to 400 • C before being used in order to prevent any significant decrease in temperature. It had also helped in removing the moisture content if any in the MnO 2 powder. Clay-graphite crucible was used to melt aluminum in a resistance heated muffle furnace and the temperature of molten aluminum was maintained at 800 • C. The temperature of the melt was measured by using a digital temperature indicator connected to a chromel-alumel thermocouple placed at 15-25 mm inside the melt. At this temperature, magnesium, wrapped in aluminium foil was added to the melt, which was thoroughly stirred for 2 min with the help of motor driven impeller at 700 rpm. A tachometer was used to measure the speed of the stirrer. MnO 2 particles were added slowly and continuously into Al-Mg melt by vibratory feeder and were mixed with the help of stirrer. The resulting slurry was maintained at 800 • C and stirred for 5 min before being cast into water cooled copper mold by bottom pouring mechanism. Three different composites were synthesized containing 3, 5 and 8 wt% of MnO 2 particles in Al-Mg melt having a fixed 8 wt% Mg in all the composites and these composites were designated as A8/3, A8/5 and A8/8 respectively. The cast ingots of composites were cut into two sections. One section was used for determining the properties of as-cast composites while the other section was hot forged at 400 • C to attain 22% reduction before being used for mechanical properties. The chemical composition of the matrix alloy of in-situ composites had been analyzed by GBC AVANTA-M atomic absorption spectrometers (AAS). The Sample was prepared by dissolving 10 g of composite chips in 2 M hydrochloric acid (HCl) for selective dissolution of the aluminum alloy matrix without attacking unreacted MnO 2 and Al 2 O 3 particles. Sodium sulfate (Na 2 SO 4 ) was also added to settle down the suspended particles in the solution. The insoluble oxides were filtered out using ashless filter paper subsequently it was burnt completely in a pre-weighted silica crucible at 700 • C. The residue obtained was subjected to X-ray diffraction (XRD) analysis with a D8 Advance Brukes axs, Karlsruhe, Germany, X-ray diffractometer in the two theta range of 5 • -110 • using CuK␣ radiation target and nickel filter at a current of around 20 A under a voltage of 35 KV. The filtered solution was analyzed by AAS to determine the amount of manganese and other elements in the matrix alloy.
The porosity of the composite was calculated with the help of density measurements. Density of the composite block (6 mm dia × 15 mm height) and the extracted particles were determined experimentally by water immersion method using ASTM C 135-96 standard. The volume of the cast in-situ composite,
Where V m, V o and V p were volume of the matrix alloy, oxides and voids, respectively. The mass of the composites was
Where W m was the mass of the matrix alloy, and W o was the mass of the oxide particles produced in the melt. Therefore the density of the cast in-situ composites c may be written as Or Hardness test was carried out on 150 mm × 10 mm long rectangular bar using Brinell Hardness Tester. It was performed with a load of 31.625 kg for 10 s by a steel ball indenter of 2.5 mm diameter. The tensile tests of as cast and forged composites were conducted on cylindrical tensile specimens of gauge length 25 mm and diameter 5 mm at a constant displacement rate of 0.2 mm/min using universal testing machine (Hounsfield, Monsanto, H25KS/05, Surrey, England).
Fracture toughness tests were carried out on a servo hydraulic model 8800 Instron universal testing machine. Lab View, a programming environment application from National Instruments was used to get the interface between the program and the Instron Model 8800. Fracture toughness tests on C-T specimens of both as cast and forged composites were carried out following the standard ASTM E813-81. The specimen was pre-fatigued before measuring load-load line displacement with the help of clip-gage in order to arrive at J-R curve for the composites using single specimen. The crack lengths at different loads were estimated from compliance by loadingunloading at different J-values. The blunting lines were drawn at 0.2 mm offset following the equation,
Where M = 1, flow stress f was arithmetic mean of yield strength and tensile strength and a was the crack extension. The program determines the exact point of intersection of J-R curve with blunting line. Plane strain condition was verified by the following equation.
Where B is the specimen thickness, b is the uncracked ligament length and f is the effective flow strength. All the tests conducted in this study satisfied this criterion and the slopes of the J-R curves were also positive. The crack propagation behaviour was characterized by the tearing modulus concept. 
Result and discussion
The optical microstructure of a typical as cast composite is shown in Fig. 2 at relatively lower and higher magnification. The microstructure of the composite in Fig. 2(a) reveals the grain structure of the matrix alloy which has well distributed dark particles. The precipitates at dendrite boundaries are shown at higher magnification in Fig. 2(b) . Fig. 3(a-c) to direct oxidation of the Al and Mg. On addition of MnO 2 , in-situ reduction of manganese dioxide by molten aluminum had released Mn and Al 2 O 3 into the melt. An intermetallic phase, MnAl 6, was formed due to the release of manganese beyond its solid solubility limit. As the percentage of MnO 2 was increased, there was an increase in the amount of Al 2 O 3 , and MnAl 6 as is evident from the Fig. 3(a-c) . Fine MnAl 6 were precipitated along the grain boundary as clearly suggested in the micrograph. The alumina formed in the composite is either due to oxidation of aluminum melt by MnO 2 particles through the following chemical reaction Fig. 5 . EDX analysis in Fig. 6 shows formation of an intermetallic product containing Al, Mg and Mn. The particle analyzed in Fig. 6(a) is that of alumina. Fig. 6(b) and (c) shows oxides of Al-Mg-Mn, Fig. 6(d) shows MgO and Fig. 6(e) shows MnO 2 particles in the composite which were added externally. The suggestions made by EDX analysis are also supported by XRD pattern.
The variation of porosity and density, with increased amount of MnO 2 particles is shown in Fig. 7 . It does not show any consistent trend in density variation with increased amount of MnO 2 particles, but porosity increases considerably with increased MnO 2 particles.
The impact of forging on microstructures is shown in Fig. 8 . It shows that at certain locations more particles are clustered possibly due to flow of softer matrix residing between particle rich regions, as visible in Fig. 8(a) . Forging has also caused particle cracking, and voids formation within the cluster as observed in Fig. 8(b) . Apart from the above impact at certain location, forging has very positive impact in separating out clustered particles and eliminated debonding at particles-matrix interface as observed Fig. 8(c) . It has enhanced mechanical properties of the composite.
Mechanical properties of the cast and forged composite are shown in Fig. 9. Fig. 9 (a) shows significant increase in hardness of the composite after forging, as the percentage of MnO 2 is increased from 3 to 8 wt%. This may be due to the work hardening of the matrix as well as healing of porosity formed during casting ( Table 1 ). The variations of yield strength, tensile strength and ductility in terms of percent elongation with increasing particle content in both the forged and cast composites are shown in Figs. 9(b) , (c) and (d) respectively. In cast composites, yield strength increases and ductility decreases with increased amount of MnO 2 particles as observed by earlier workers [12, 18] , presumably due to restraint on the deformation of matrix imposed by the presence of particles. Tensile strength in cast composites increases significantly and reaches to its peak when particle content increased from 3 to 5 wt% but further increase in particle content to 8 wt% decreases tensile strength significantly. This may be attributed due to enhanced porosity (Table 1) , which has reduced the effective cross-sectional area and so the tensile strength. After forging, there is significant increase in yield and tensile strength but trend of increase in yield and tensile strengths are similar as of cast composite. With increasing MnO 2 content there is decrease in percentage elongation.
Forging has decreased further, as shown in Fig. 9(d) .This may be because forging was not able to heal the porosity in great extent, and particle clusters in the matrix were opened up resulting in voids ( Fig. 8(b) ) and deteriorated the mechanical properties as also been reported by Balasubramaniam et al [23] .
The J-R curves of as cast and forged composites containing 3, 5 and 8 wt% oxide particles, designated as A8/3, A8/5 and A8/8, are shown in Fig. 10(a) -(f). The initiation of fracture does not take place simultaneously across the entire crack front. An offset of 0.2 mm is taken to draw the blunting line and its intersection with J-R curve indicates the initiation fracture toughness, J IC . Initiation fracture toughness, J IC , of cast composites, determined either by the blunting line without offset or with offset blunting line, decreases with increasing particle content as shown in Fig. 11 . On forging, there is increase in the J IC of composites as similar to that reported by Pillai et al. [22] . This increase is more prominent in low content MnO 2 composites but J IC decreases continuously with increasing MnO 2 content as is observed in cast composites.
The ratio of tearing modulus to elastic modulus, which depends on the slope of the J-R curve and flow stress, is higher in as cast composites compared to that in forged composites. But an interesting result has been observed in forged 3 wt% MnO 2 composite where growth toughness is higher than that in cast composite and a sudden drop is observed when MnO 2 content increases from 3 to 5 and 8 wt% and even these values are lower than those in the cast composites. T/ E ratio is the ratio of slope of J-R curve and the square of the flow stress. Forging has increased the flow stress in all the cases but inverse of square of the flow stress of forged and cast composites have very little difference. Therefore the slope of J-R curve is the dominating factor to decide the value of T/E ratio. At 3 wt% MnO 2, slope of forged composite was more than that of the cast composite therefore T/E ratio is more. In case of 5 wt%MnO 2 there is a sharp decrease in the slope of J-R curve for the forged composite. Due to this reason there is a sharp decrease in T/E ratio for forged composite in comparison to that in cast composite. Slope of J-R curve is the rate of change of J with respect to crack extension. At 3 wt% MnO 2, forging has healed the pores and made the crack extension difficult, which produces higher slope for forged composite. In case of 5 wt% MnO 2, instead of healing of voids, forging has increased void at particle matrix interface and cracking of particles. It has facilitated easy path for crack extension with respect to the cast composite. Due to this reason there is a sudden drop in T/E ratio value for forged composite in comparison to that in cast composite. In cast composite, T/E ratio decreases with increased particle content because of dominating influence of increased flow stress over the increased slope of the J-R curve as shown in Fig. 12 . The increased MnO 2 addition to 8 wt% in cast composites shows a slight decrease in flow stress and the slope of J-R curve, which produces drastic reduction in T/E ratio. 
Summary and conclusions
Cast composites A8/3, A8/5 and A8/8 synthesized by dispersion of 3, 5 and 8 wt% of MnO 2 particles in molten Al-8 wt% Mg alloy and after forging have led us to the following conclusions.
1
The microstructure of the composite shows precipitates of intermetallic containing Al, Mg and Mn at dendrite boundaries and alumina particles which are formed by the reduction of MnO 2 particles in molten Al-Mg alloy. 2 The hardness, yield and tensile strength of as cast composites increase with increasing MnO 2 addition. It may be due to increasing presence of oxide particles, reduced grain size and enhanced released manganese. Tensile strength increases with increasing MnO 2 addition till 5 wt%. A higher addition of 8 wt% MnO 2 decreases the tensile strength due to increased clustering, and early void formation. Forging has increased hardness, yield and tensile strength further due to reduction in porosity and work hardening. 3 The ductility of the cast composites decreases with increasing addition of MnO 2 particles in the composites, which may be due to increased clustering and higher release of manganese. It has an embrittling influence on the matrix Al-Mg alloy. Forging decreases the ductility in comparison to corresponding cast composites, which may be attributed to fracture of reinforcement particles and their debonding during forging. It leads to early void nucleation during plastic straining. However, the variation of ductility with increasing addition of MnO 2 in the composites is similar to that observed in cast composites. 4 The initiation fracture toughness, J IC decreases as MnO 2 particle content increases in the composite from 3 to 8 wt%.
After forging there is an improvement in J IC of the composites. This improvement is more in low MnO 2 based composite. 5 The T/E ratio in cast composite decreases with increasing particle content because of dominating influence of increased flow stress over the increase in slope of the J-R curve. The composites of 3 wt% MnO 2 could give significant advantage in growth toughness without impairing initiation fracture toughness over that of the alloy. Increase in particle addition beyond 3 wt% MnO 2 decreases rapidly both the initiation fracture toughness and the growth toughness, which may be attributed to increased brittleness due to clustering and the increased alloying of the matrix by manganese.
